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The effects of surface pretreatment, dielectric growth, and post deposition annealing on interface
electronic structure and polarization charge compensation of Ga- and N-face bulk GaN were inves-
tigated. The cleaning process consisted of an ex-situ wet chemical NH4OH treatment and an in-situ
elevated temperature NH3 plasma process to remove carbon contamination, reduce oxygen cover-
age, and potentially passivate N-vacancy related defects. After the cleaning process, carbon con-
tamination decreased below the x-ray photoemission spectroscopy detection limit, and the oxygen
coverage stabilized at 1 monolayer on both Ga- and N-face GaN. In addition, Ga- and N-face
GaN had an upward band bending of 0.86 0.1 eV and 0.66 0.1 eV, respectively, which suggested
the net charge of the surface states and polarization bound charge was similar on Ga- and N-face
GaN. Furthermore, three dielectrics (HfO2, Al2O3, and SiO2) were prepared by plasma-enhanced
atomic layer deposition on Ga- or N-face GaN and annealed in N2 ambient to investigate the effect
of the polarization charge on the interface electronic structure and band offsets. The respective va-
lence band offsets of HfO2, Al2O3, and SiO2 with respect to Ga- and N-face GaN were 1.46 0.1,
2.06 0.1, and 3.26 0.1 eV, regardless of dielectric thickness. The corresponding conduction band
offsets were 1.06 0.1, 1.36 0.1, and 2.36 0.1 eV, respectively. Experimental band offset results
were consistent with theoretical calculations based on the charge neutrality level model. The trend
of band offsets for dielectric/GaN interfaces was related to the band gap and/or the electronic part
of the dielectric constant. The effect of polarization charge on band offset was apparently screened
by the dielectric-GaN interface states.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4895985]
I. INTRODUCTION
GaN based transistors have shown great potential in high-
frequency, high-temperature, and high-power electronic devi-
ces due to their relevant material properties, such as large band
gap (3.4 eV), high breakdown field (3 MV/cm), and high
electron saturation velocity (107cm/s).1–4 However, device
performance has been plagued by a large concentration of sur-
face states, which may lead to leakage current and current col-
lapse.2,5–8 On the other hand, wurtzite GaN has a significant
polarization induced bound sheet charge, which further com-
plicates device reliability. Compared to the large spontaneous
polarization (¼0.033C/m2),9 the piezoelectric polarization is
negligible for GaN typically grown above the critical thickness
(10 nm).10 The spontaneous polarization leads to a negative
or positive bound sheet charge (2.1 1013 charges/cm2) at
the Ga- or N-face, respectively, which must be compensated
to avoid a large internal field in the material. Surface states,
which may be related to the polarization charge compensation,
have a considerable effect on the failure mechanisms.
The states may assist thermionic emission and/or thermionic
field emission electron tunneling by acting as trapping cen-
ters2,11 or pinning states that affect the Schottky barriers.5,7 On
the other hand, current collapse is ascribed to the formation of
a virtual gate, which has been related to a change of the sur-
face states.8 Through an effective cleaning process, dielectric
growth, and post deposition annealing treatment, the related
states may be passivated, which could mitigate the failure
mechanisms.2
The dielectric/GaN interface properties have a signifi-
cant effect on device performance and stability, and this
research will consider three different large band gap dielec-
tric layers: HfO2, Al2O3, and SiO2. The layers can all be de-
posited by plasma-enhanced atomic layer deposition
(PEALD) at similar temperatures with organo-metallic pre-
cursors and remote oxygen plasma. PEALD HfO2, Al2O3,
and SiO2 exhibit a substantial variation in band gap energies
(5.8–8.9 eV) and dielectric constant (25–3.9), where the
thin films are typically amorphous. This research will com-
pare layers of each material deposited on Ga- and N-face
GaN to investigate the effect of the polarization charge on
band offsets and the relation between the band offsets and
dielectric properties, i.e., band gap and dielectric constant.
To accomplish this research, in-situ x-ray and ultraviolet
photoemission spectroscopy (XPS and UPS) were used to
characterize the surface chemistry and electronic structure of
PEALD dielectrics on Ga- and N-face GaN in order to investi-
gate the polarization charge screening mechanisms, interface
band alignment, and effect of opposite polarization charge on
dielectric band offsets. Prior to dielectric growth, GaN surfa-
ces were treated with ex-situ and in-situ cleaning processes to
remove carbon contamination, retain stable oxygen coverage,
and potentially passivate N-vacancy related defect states. The
surface band bending was measured to investigate the charged
surface states and compensation mechanism. The results indi-
cated that the surface band bending of both Ga- and N-facea)Electronic mail: robert.nemanich@asu.edu
0021-8979/2014/116(12)/123702/12/$30.00 VC 2014 AIP Publishing LLC116, 123702-1
JOURNAL OF APPLIED PHYSICS 116, 123702 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
149.169.162.2 On: Tue, 17 Feb 2015 16:58:57
GaN was 0.76 0.1 eV after the cleaning processes, which
suggested a large concentration of interface states with oppo-
site charge on different surfaces. This large concentration of
interface states apparently screens the polarization charge and
minimizes the effect of polarization on the band offset
between dielectric and GaN.
II. EXPERIMENT
A. GaN surface pretreatment
This study used 1 cm2 sections of double side polished
450 lm-thick, bulk GaN grown by hydride vapor phase
epitaxy (HVPE). The Si doping density was 8 1017cm3,
which indicated the Fermi level was 0.1 eV below the con-
duction band minimum (CBM). The surface pretreatment
processes included ex-situ wet chemical processes and in-
situ elevated temperature remote NH3 plasma processing.
The wet chemical clean included sonication in acetone,
methanol, and NH4OH solutions for 10min each, followed
by a 10 s rinse in DI water and blow dry with ultra high pu-
rity (UHP) N2 gas. After the chemical clean, the samples
were loaded into the UH vacuum (UHV) system with a base
pressure of 4 1010Torr. Following the ex-situ NH4OH
wet chemical clean, the surfaces were processed in situ with
15min NH3 plasma and 15min NH3 gas annealing at 680
C.
The substrate temperature was measured using a thermocou-
ple and infrared pyrometer. The remote plasma was gener-
ated by a radio frequency (rf) source (100W, 13.56MHz)
applied to a helical copper coil wrapped around a 32mm
diameter quartz tube located 25 cm above the sample with
a constant gas flow of 90 standard cubic centimeters per mi-
nute (sccm). Chamber pressure was maintained at 60 mTorr
controlled by a throttle valve in front of the turbo pump.
B. PEALD dielectric growth and post deposition
annealing
After surface pretreatment, 1.5 and 3.0 nm PEALD
dielectric films (HfO2, Al2O3, and SiO2) were deposited on
Ga- or N-face GaN. The PEALD system has been discussed in
detail elsewhere.12 The precursors used for HfO2, Al2O3, and
SiO2 growth were tetrakis(ethylmethylamido)-hafnium
(TEMAHf, Hf(NCH3C2H5)4), dimethylaluminum isoproxide
(DMAI, [(CH3)2AlOCH(CH3)2]2), and tris(dimethylamino)si-
lane (TDMAS, [(CH3)2N]3SiH), respectively. The respective
TEMAHf, DMAI, and TDMAS bubblers were maintained at
48, 90, and 33 C to provide sufficient vapor pressure for
PEALD deposition. The delivery line temperatures were main-
tained at 20 C higher than that of the specific bubbler to pre-
vent precursor condensation. The PEALD growth rate for
HfO2, Al2O3, and SiO2 films was 1.4 A˚/cycle, 1.5 A˚/cycle,
and 0.5 A˚/cycle at respective substrate temperatures of
220 C, 180 C,12 and 200 C. After dielectric growth,
samples were annealed in N2 ambient at 600
C for 30min.
C. X-ray and ultraviolent photoemission spectroscopy
characterization
The in-situ XPS and UPS systems and measurement
approaches have been described previously.13,14 XPS was
used after each cleaning process to investigate the effect of
different processes on the GaN chemical states. After dielec-
tric growth, both XPS and UPS were used to characterize the
interface electronic structure to determine the GaN surface
band bending and band offsets.
The method for determining the valence band offset
(VBO) reported by Waldrop and Grant, and Kraut et al.15,16
is represented by the following equation:
DEV ¼ ðECL  EVÞGaN  ðECL  EVÞdielectric þ DECL; (1)
where DEV represents VBO; ECL is the binding energy of the
XPS core level; EV is the valence band maximum (VBM);
(ECL-EV)GaN or (ECL-EV)dielectric is the binding energy differ-
ence from VBM to GaN or dielectric core level; and DECL is
the binding energy difference between the GaN and dielec-
tric core levels, e.g., DEHf4f7/2-Ga3d for HfO2/GaN, DEAl2p-
Ga3d for Al2O3/GaN, and DESi2s-Ga3d for SiO2/GaN. The
value of (ECL-EV) is essentially independent of band bend-
ing. Once measured, DEV and band bending can be deter-
mined from DECL and the position of the Ga 3d core level,
respectively.
III. RESULTS
Using the method described above, surface band bend-
ing and/or band alignment for the following samples were
determined: cleaned Ga- and N-face GaN, HfO2/Ga-face
GaN, HfO2/N-face GaN, Al2O3/Ga-face GaN, Al2O3/N-face
GaN, SiO2/Ga-face GaN, and SiO2/N-face GaN.
A. Cleaning of Ga- and N-face GaN
Fig. 1 shows the O 1s and C 1s XPS peaks for Ga- and N-
face GaN after the different cleaning processes. As-received
Ga- and N-face GaN showed similar carbon and oxygen cover-
age on the surface. After NH4OH treatment, the intensity of
the oxygen peak decreased for both Ga- and N-face GaN,
which may be the result of dissolving Ga2O3 with NH4OH.
17
However, there was no obvious decrease in intensity of the car-
bon peak. (It should be mentioned that additional carbon and
oxygen may adsorb on the surface during sample mounting
and loading into the UHV transfer line.) After in-situ NH3
plasma treatment, there was a significant decrease in the carbon
and oxygen peak intensities on both surfaces. In particular, the
intensity of the carbon peak was reduced below the XPS detec-
tion limit, and the intensity of the O 1s peak decreased to simi-
lar levels on both surfaces. The binding energies of Ga 3d, N
1s, and O 1s core levels for Ga- and N-face GaN are summar-
ized in Table I. A broad O 1s peak centered at 532.6–531.7 eV
and 532.8–532.2 eV was detected for both surfaces.
Fig. 2 shows the Ga 3d and UPS results for Ga- and N-
face GaN after NH3 plasma cleaning. The VBM was deter-
mined from a linear extrapolation of the UPS low binding
energy cutoff. The GaN photo threshold energy was deter-
mined from the energy difference between the photon energy
(He I¼ 21.2 eV) and the UPS spectral width (or equivalently,
the sum of electron affinity and the band gap of GaN). The
photo threshold energy of Ga- and N-face GaN after cleaning
was 7.06 0.1 and 6.96 0.1 eV, respectively. Using 3.4 eV as
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the band gap of GaN, the electron affinity of Ga- and N-face
GaN was determined to be 3.66 0.1 and 3.56 0.1 eV,
respectively; while these values agreed with other reported
results for Ga-face GaN (3.2–3.6 eV),18–21 they were higher
than a previous study of a GaN surface with negligible
oxygen coverage (2.86 0.1 eV).22 The binding energy dif-
ference between the Ga 3d core level and VBM for both Ga-
and N-face GaN was 17.8 eV, respectively, which was
consistent with reported results.15,23,24 This value was used
to determine the surface band bending of GaN. After clean-
ing, the Ga 3d core level shifted to lower binding energy for
both faces, indicating an increase in upward band bending.
For Ga-face GaN, the respective upward band bending val-
ues after NH4OH clean and NH3 plasma treatment were 0.4
and 0.9 eV, and for N-face GaN, the upward band bending
was 0.1 and 0.6 eV. These values were consistent with other
group’s results for Ga-face GaN (0.3–1.5 eV)13,25–27 and N-
face GaN (0.1–1.0 eV).28–30 Fig. 3 shows a schematic of the
surface band bending of Ga- and N-face GaN after in-situ
NH3 plasma treatment, where the Ga- and N-face GaN
exhibited upward bending of 0.86 0.1 eV and 0.66 0.1 eV,
respectively.
FIG. 1. XPS O 1s and C 1s peaks of (a) as received; (b) ex-situ wet chemical treated; and (c) in-situ NH3 plasma treated Ga-face and N-face GaN.
TABLE I. XPS results for as-received, wet-chemical cleaned, and NH3 plasma cleaned Ga- and N-face bulk GaN.
Ga-face GaN N-face GaN
as received (6 0.1 eV) wet chemical (6 0.1 eV) NH3 plasma (6 0.1 eV) as received (6 0.1 eV) wet chemical (6 0.1 eV) NH3 plasma (6 0.1 eV)
Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM
Ga 3d 20.9 1.1 20.7 1.2 20.2 1.2 21.2 1.2 21.0 1.2 20.5 1.3
N 1s 398.2 1.1 398.0 1.1 397.5 1.2 398.6 1.1 398.3 1.0 397.8 1.0
O 1s 532.6 2.4 532.5 2.8 531.7 3.2 532.8 2.3 532.3 3.1 532.2 3.6
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B. Surface band bending and band alignment of HfO2/
Ga- and N-face GaN
After surface pretreatment, 1.5 and 3.0 nm HfO2 films
were deposited on both Ga- and N-face GaN by PEALD and
annealed in a N2 atmosphere at 600
C. Since the Hf 4f peaks
overlap with the Ga 3d peak and the binding energy differ-
ence between Ga 3d and N 1s core level is constant, the N 1s
core level was used to locate the Ga 3d peak position. Fig. 4
shows the XPS Hf 4f, Ga 3d, and N 1s core levels of PEALD
HfO2 on both Ga- and N-face GaN. After 1.5 nm HfO2
deposition and annealing, Ga- and N-face GaN exhibited re-
spective Ga 3d core level binding energies of 20.5 and
20.7 eV, which indicated upward band bending of 0.6 and
0.4 eV. The respective Hf 4f7/2 peak of HfO2 was centered at
17.9 and 18.1 eV on Ga- and N-face GaN, which indicated
the DEHf4f7/2-Ga3d was 2.6 eV. The value of (EHf4f7/2-
EV)HfO2 was calculated from the binding energy difference
between the XPS Hf 4f7/2 core level and the UPS HfO2
VBM, which is shown in Fig. 5. This value was 13.7 eV for
as-grown and annealed HfO2 films, which was consistent
with our previous study (13.6–13.7 eV)13 and other research
FIG. 2. XPS Ga 3d and UPS results of (a) Ga-face and (b) N-face GaN after
NH3 plasma cleaning. The Ga 3d peak intensity is enlarged 10 times.
FIG. 3. Surface band bending diagram of Ga- and N-face GaN after NH3
plasma cleaning.
FIG. 4. XPS Hf 4f, Ga 3d, and N 1s core levels of PEALD HfO2 on both (i)
Ga- and (ii) N-face GaN for (a) 1.5 nm and (b) 3.0 nm annealed HfO2. The
final positions of the core level peaks after HfO2 growth are indicated with
dashed lines. The intensity of N 1s core level is enlarged 3 times. The N 1s
core level is used to locate the Ga 3d peak position, which overlaps with Hf
4f double peaks by assuming the binding energy difference between Ga 3d
and N 1 s core level is constant.
FIG. 5. XPS Hf 4f and UPS results of (a) as-grown and (b) annealed
PEALD HfO2 on N-face GaN. The XPS signal intensity is enlarged 10
times.
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(13.9 eV).31 The same value of (EHf4f7/2-EV)HfO2 was
obtained for Ga-face GaN, which is not shown. Therefore,
the value of (EHf4f7/2-EV)HfO2 was determined to be 13.7 eV,
which was used for the band offset calculation. By using Eq.
(1) and 5.8 eV as the HfO2 band gap, the respective VBO
and CBO were 1.5 and 0.9 eV on both Ga- and N-face GaN.
After an additional 1.5 nm HfO2 deposition and anneal-
ing, the Ga 3d and Hf 4f7/2 peaks were centered at 20.5 and
17.9 eV for Ga-face GaN, and 20.6 and 17.9 eV for N-face
GaN, respectively. The value of DEHf4f7/2-Ga3d was 2.6 and
2.7 eV, and the subsequent VBO was calculated to be 1.5
and 1.4 eV for HfO2 on Ga- and N-face GaN. The related Ga
3d, N 1s, and Hf 4f7/2 core levels, and the VBO results are
summarized in Table II. The photo threshold energy for
HfO2 on GaN was 8.26 0.1 eV, and the electron affinity was
calculated to be 2.46 0.1 eV; these values were consistent
with our previous result (2.2 eV)13 and also close to the value
of 2.5 eV reported by Bersch et al.32 The band alignment dia-
grams of HfO2 on Ga- and N-face GaN are shown in Fig. 6.
The VBO and CBO of HfO2 on GaN were 1.46 0.1 eV and
1.06 0.1 eV, independent of GaN polarities and HfO2
thickness.
C. Surface band bending and band alignment of Al2O3/
Ga- and N-face GaN
Similar to the HfO2/GaN study, 1.5 and 3.0 nm Al2O3
films were deposited on Ga- and N-face GaN and annealed at
600 C in a N2 atmosphere. Fig. 7 shows the Al 2p and Ga 3d
XPS core levels of 1.5 and 3.0 nm Al2O3 on Ga- and N-face
GaN (i and ii, respectively). The XPS core level binding ener-
gies and VBM results are summarized in Table III. For 1.5 nm
Al2O3 films on Ga-face GaN, the Ga 3d core level was at
21.0 eV, which indicated the GaN VBM at 3.2 eV below EF
and surface band bending of 0.1 eV. The Al 2p core level was
centered at 75.9 eV, and the subsequent value of DEAl2p-Ga3d
TABLE II. XPS Ga 3d, N 1s, and Hf 4f7/2 core levels, and VBO results for HfO2 on Ga- and N-face GaN. All energies are given in eV.
Process
Ga 3d N 1s Hf 4f7/2 VBO
Ga-face N-face Ga-face N-face Ga-face N-face Ga-face N-face
(a) After clean 20.3 20.5 397.5 397.8 … … … …
(b) 1.5 nm HfO2 20.5 20.7 397.8 398.0 17.9 18.1 1.5 1.5
(c) 3.0 nm HfO2 20.5 20.6 397.8 397.9 17.9 17.9 1.5 1.4
FIG. 6. The deduced band alignment of (a) 1.5 nm and (b) 3.0 nm annealed
HfO2 on Ga- and N-face GaN.
FIG. 7. XPS Ga 3d and Al 2p core levels of Al2O3 on (i) Ga- and (ii) N-face
GaN for (a) 1.5 nm and (b) 3.0 nm annealed Al2O3. The final positions of
the core level peaks after Al2O3 growth are indicated with dashed lines.
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was 54.9 eV. The value of (EAl2p-EV)Al2O3 was 70.6 eV for
as-grown and annealed Al2O3, which is shown in Fig. 8. The
same value of (EAl2p-EV)Al2O3 (70.6 eV) was obtained on Ga-
face GaN, which is not shown. Therefore, 70.6 eV was used
as the value of (EAl2p-EV)Al2O3 in the band offset calculations,
which is consistent with our previous study (70.4–70.5 eV)13
and another group’s report (70.6 eV).32 Using Eq. (1), the
VBO between as-grown Al2O3 and Ga-face GaN was calcu-
lated to be 2.1 eV. After an additional 1.5 nm Al2O3 deposi-
tion and annealing in N2 atmosphere, the 3.0 nm Al2O3/Ga-
face GaN showed the same Al 2p and Ga 3d core level ener-
gies, which indicated the VBO did not change. For 1.5 nm
Al2O3 on N-face GaN, the GaN surface band bending was
0.3 eV upwards, and the value of DEAl2p-Ga3d was 54.7 eV.
For 3.0 nm Al2O3 on N-face GaN, these values were essen-
tially unchanged at 0.2 and 54.7 eV, respectively. Therefore,
the VBO was 1.9 eV for both cases.
Band gaps of Al2O3 and GaN (3.4 eV) are necessary to
calculate the conduction band offset (CBO). A previous
study from our group reported the band gap of PEALD
Al2O3 as 6.76 0.1 eV, which was determined from XPS O
1s energy loss spectroscopy.12 The result is consistent with
other results.33,34 Using 6.7 eV as the band gap of the Al2O3
films, the respective CBO was 1.2 and 1.4 eV for Al2O3 on
Ga- and N-face GaN, respectively. The deduced band align-
ment diagrams of Al2O3 films on Ga- and N-face GaN
are shown in Fig. 9. The VBOs for Al2O3 on Ga- and N-
face GaN were similar, which were 2.06 0.1 eV and inde-
pendent of dielectric thickness. This value is consistent
with our previous result for Al2O3 on Ga-face GaN films
(¼1.86 0.1 eV).13
The photo threshold energies for Al2O3/Ga- and N-face
GaN measured by UPS were 8.66 0.2 eV. These values indi-
cated the electron affinity of Al2O3 films was 1.96 0.2 eV,
which is consistent with our previous study (1.8 eV)13 and
other results (1.7 eV).35
D. Surface band bending and band alignment of SiO2/
Ga- and N-face GaN
To characterize PEALD SiO2 on GaN, 1.5 and 3.0 nm
SiO2 films were deposited on both Ga- and N-face GaN with
the same experimental sequence used for HfO2 and Al2O3.
TABLE III. XPS Ga 3d, and Al 2p core levels and VBO results for Al2O3
on Ga- and N-face GaN. All energies are given in eV.
Process
Ga 3d A1 2p VBO
Ga-face N-face Ga-face N-face Ga-face N-face
(a) After clean 20.5 20.5 … … … …
(b) 1.5 nm Al2O3 21.0 20.8 75.9 75.5 2.1 1.9
(c) 3.0 nm Al2O3 21.0 20.9 75.9 75.6 2.1 1.9
FIG. 8. XPS Al 2p and UPS results of (a) as-grown and (b) annealed PEALD
Al2O3 on N-face GaN. The XPS signal intensity is enlarged 20 times.
FIG. 9. The deduced band alignment of (a) 1.5 nm and (b) 3.0 nm
annealed Al2O3 on Ga- and N-face GaN.
FIG. 10. XPS Si 2s and UPS results of (a) as-grown and (b) annealed
PEALD SiO2 on N-face GaN. The XPS signal intensity and was enlarged by
20 times, and the UPS signal intensity for as-grown SiO2 is enlarged 2 times.
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Since the Si 2p peak overlaps with the Ga 3p peaks, the Si 2s
core level was measured to indicate the band offset. To
obtain both Ga 3s (160 eV) and Si 2s peaks (155 eV), the
Al source was used to avoid Ga Auger features, which occur
in this energy range with the Mg anode.
Fig. 10 shows the XPS Si 2s and UPS results of as-
grown and annealed SiO2 on N-face GaN. The respective
peaks centered at 8 and 13 eV were characteristic of the O
(2p) and Si-O related features.36 From UPS, the electron af-
finity of SiO2 on GaN was determined to be 1.16 0.1 eV,
which is consistent with a prior study (1.1 eV)37 and another
group’s result (1.3 eV).32 The value of (ESi2s-EV)SiO2 was
calculated as 148.9 eV. The same value was obtained from
SiO2/Ga-face GaN, which is not shown. Therefore, the value
of (ESi2s-EV)SiO2 was determined to be 148.9 eV for the fol-
lowing calculations.
Fig. 11 shows the XPS of the Ga 3s, Si 2s, and Ga 3d
core levels of SiO2 on both Ga- and N-face GaN. After
1.5 nm SiO2 deposition and annealing, the Ga 3d of Ga-
and N-face GaN was centered at 20.5 and 20.8 eV, respec-
tively, indicating upward band bending of 0.6 and 0.3 eV.
The Si 2s peak of SiO2 was located at 154.7 and 155.0 eV,
respectively. Therefore, the value of DESi2s-Ga3d was
134.2 eV for both SiO2/Ga- and N-face GaN. Using Eq. (1)
and 8.9 eV as the band gap of SiO2, the respective VBO and
CBO of SiO2 on both Ga- and N-face GaN were 3.1 and
2.4 eV. After an additional 1.5 nm SiO2 deposition and
annealing, the Ga 3d core levels of Ga- and N-face GaN
changed to 20.6 and 20.7 eV, which indicated 0.5 and 0.4 eV
upward band bending, respectively. In addition, the Si 2s
core level of SiO2 on Ga- and N-face GaN were 154.9 and
155.1 eV, respectively. Therefore, the VBOs of 3.0 nm SiO2/
Ga- and N-face GaN were 3.2 and 3.3 eV, respectively. The
Ga 3d, Ga 3s, and Si 2s binding energy values and VBO
results are summarized in Table IV. The band alignment dia-
gram of SiO2 on Ga- and N-face GaN is shown in Fig. 12.
The respective VBO and CBO of SiO2 on Ga- and N-face
GaN were 3.26 0.1 and 2.36 0.1 eV.
IV. DISCUSSION
Surface states play a critical role in compensating the
polarization bound sheet charge and subsequently affecting
the surface band bending. In addition, band offsets determine
the carrier confinement properties in the semiconductor.
Therefore, it is necessary to understand the polarization
charge compensation mechanism and the effect of polariza-
tion charge on band offsets.
A. Surface composition and oxygen coverage
The surface atomic concentration on Ga- and N-face
GaN measured by XPS during the cleaning process is shown
in Figs. 13(a) and 13(b). The atomic composition was calcu-
lated using the following equation:
gx ¼
Ix=Sx
IGa=SGa þ IN=SN þ IO=SO þ IC=SC ; (2)
where IGa,N,O,C are the integrated area intensities of the re-
spective XPS Ga 3d, N 1s, O 1s, and C 1s peaks; SGa,N,O,C
are the atomic sensitive factors for the respective Ga 3d, N
1s, O 1s, and C 1s photoelectrons, which are 0.31, 0.42, 0.66,
and 0.25;38 and gx is the atomic concentration of element x.
FIG. 11. XPS Ga 3s, Si 2s, and Ga 3d core levels of PEALD SiO2 on both (i)
Ga- and (ii) N-face GaN for (a) 1.5 nm and (b) 3.0 nm annealed SiO2. The
final positions of the core level peaks after SiO2 growth are indicated with
dashed lines. The XPS Ga 3d and Si 2s peak intensity is enlarged 2 times.
TABLE IV. XPS Ga 3d, Ga 3s, and Si 2s core levels, and VBO results for SiO2 on Ga- and N-face GaN. All energies are given in eV.
Process
Ga 3d Ga 3s Si 2s VBO
Ga-face N-face Ga-face N-face Ga-face N-face Ga-face N-face
(a) After clean 20.4 20.4 160.8 160.9 … … … …
(b) 1.5 nm SiO2 20.5 20.8 161.0 161.3 154.7 155.0 3.1 3.1
(c) 3.0 nm SiO2 20.6 20.7 161.0 161.2 154.9 155.1 3.2 3.3
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After cleaning, the carbon contamination was below the XPS
detection limit (<1%), and the oxygen concentration
decreased to 5% on both Ga- and N-face GaN. The N/Ga
atomic ratio on both Ga- and N-face GaN increased after the
cleaning processes, which is shown in Fig. 13(c). Compared
with NH4OH cleaning, the NH3 plasma process further
increased the N/Ga atomic ratio probably from introducing
NHx groups on the GaN surface. During these processes, the
upward band bending of Ga- and N-face GaN increased,
which may indicate the passivation of donor-like N-vacancy
related defect states.
The oxygen coverage was determined from XPS meas-
urements,13,20,39 which are summarized in Table V. After
NH4OH cleaning, the oxygen coverage on Ga- and N-face
GaN was 3.46 0.3 and 3.16 0.4 monolayers (ML), respec-
tively. After in-situ NH3 plasma treatment, the oxygen cov-
erage decreased to 1.0 ML on both surfaces. Bermudez39
reported a study concerning oxygen chemisorption on Ga-
face GaN and suggested O was bonded to Ga or N in a direc-
tion more nearly along the c axis.39 Elsner et al.40 reported a
theoretical calculation regarding O2 chemisorption on Ga-
and N-face GaN. For ideal Ga-face GaN, stable oxygen cov-
erage was 0.375 ML, which could increase to 1 ML for
oxygen rich conditions (i.e., where the chemical potential of
O is equal to that of O2). This group also reported a possible
stable structure at Ga-rich conditions with a Ga surface layer
on top of the ideal Ga-face GaN. In this condition, all
adsorbed oxygen resided in three-fold coordinated positions,
FIG. 13. The atomic concentration of Ga (square), N (circle), O (diamond),
and C (hollow circle) of (a) Ga-face and (b) N-face bulk GaN, and (c) the
atomic ratio of N to Ga for Ga-face (square) and N-face (circle) GaN during
the cleaning processes.
TABLE V. The oxygen coverage on Ga- and N-face GaN.
Process Ga-face GaN N-face GaN
As-received 4.56 0.5 ML 5.16 0.6 ML
NH4OH clean 3.46 0.3 ML 3.16 0.4 ML
NH3 plasma clean 1.16 0.2 ML 1.16 0.1 ML
FIG. 12. The deduced band alignment of (a) 1.5 nm and (b) 3.0 nm
annealed SiO2 on Ga- and N-face GaN.
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and the corresponding stable oxygen coverage was 1 ML.40
On the other hand, for N-face GaN, the calculation suggested
that there was always 1 ML of Ga atoms bonded to the N ter-
minating atoms.40–42 The corresponding stable oxygen cov-
erage on N-face GaN was 0.75–1.0 ML depending on the
oxygen chemical potential.40
In this research, after the NH3 plasma cleaning process,
the experimental oxygen coverage on both Ga- and N-face
GaN surface was 1 ML, which suggested oxygen was
bonded to Ga atoms on both Ga- and N-face GaN. The
source of oxygen in the annealing chamber may come from
the heater, sample holder, quartz tube, the chamber, or the
sample itself.
B. Surface band bending and surface states
The polarization bound charge of GaN is expected to
be screened by a combination of internal and external
charges. For n-type GaN, the external screening may con-
sist of different surface states, including structural defects,
surface termination, surface oxides, contaminants, and
adsorbates.43 The internal screening may include ionized
donors or free electrons and bulk states. The total of the in-
ternal screening charge, external screening charge, and
polarization bound charge is expected to be orders of mag-
nitude less than the polarization. The surface band bending
is effectively a measure of the internal screening and the
space charge layer, which is presumed to be dominated by
ionized donors or free electrons for upward or downward
band bending, respectively.
Therefore, the effect of surface pretreatment on the
polarization charge compensation mechanism was investi-
gated by monitoring the surface band bending. After NH4OH
treatment, the surface band bending for Ga- and N-face GaN
were 0.46 0.1 and 0.16 0.1 eV upwards, respectively. After
in-situ NH3 plasma treatment, the surface band bending fur-
ther increased to 0.86 0.1 and 0.66 0.1 eV, respectively.
This increase in upward band bending indicates an increase
of the internal screening. During the cleaning processes, the
surface Fermi level moved towards the VBM and was finally
pinned at 2.5–2.6 eV above VBM, which was close to the
GaN charge neutrality level (CNL) (2.3–2.4 eV (Ref. 7 and
44) above VBM). The upward band bending for N-face GaN
indicated negatively charged surface states at a higher density
than the positive polarization bound charge. Subsequently,
ionized donors were required to compensate the excess sur-
face states, leading to the upward band bending. The charge
location at Ga- and N-face GaN corresponding to the surface
band bending is shown in Fig. 14.
The experimental upward band bending after NH3
plasma treatment of these samples was close to the value
(0.8 eV) reported by Bermudez et al.,39 where the GaN sam-
ples were prepared by Ga deposition or 1 keV N2
þ bombard-
ment followed by 900 C UHV annealing in both cases. This
result suggested the surface Fermi level position observed at
0.8 eV below the bulk position might be caused by a bal-
ance between N vacancy (VN, donor) and Ga vacancy (VGa,
acceptor) defects.45,46 Further investigation by Long and
Bermudez47 indicated that the Fermi level at the surface was
2.55 eV above the VBM for cleaned n- and p-type Ga-face
GaN. This value suggested upward band bending of
0.7–0.8 eV on the surface, which was similar to the results
reported in this study. The results indicated similar pinning
surface states were present regardless of doping type (n- or
p- type) and polarities (Ga- or N-face). However, the origin
of these pinning states is still not clear.
The relation between the surface potential (US) and the
depletion layer width (W) is given by the following relation:
US ¼  qND
2eeo
W2; (3)
where ND (8 1017cm3) is the doping density of the bulk
GaN; e (9.5) is the dielectric constant of GaN; and e0
(8.854 1012 F/m) is the vacuum permeability. For respec-
tive 0.8 and 0.6 eV upward band bending on Ga- and N-face
GaN, the depletion layer width was 32 and 28 nm. This
depletion region width indicates the area density of ionized
donors for Ga- and N-face GaN was 2.6 1012 and
2.2 1012 charges/cm2, respectively. The corresponding com-
pensating surface states on Ga- and N-face GaN were
þ1.8 1013 and 2.3 1013 charges/cm2, respectively. The
similar internal charge compensation by ionized donors on
both faces suggested a similar net charge of surface states and
polarization bound sheet charge, which suggested the polariza-
tion charge was screened to similar conditions on both faces.
C. Band offsets of dielectrics on GaN
Our previous study compared the experimental band off-
sets of PEALD HfO2 and Al2O3 on Ga-face GaN with theo-
retical calculations based on the CNL model.13 The
theoretical VBOs were calculated to be 1.7 and 1.3 eV,
respectively, using the following equation:
DEV ¼ ECNL;dielectric  ECNL;GaN
 S½IGaN  Idielectric  ðECNL;GaN  ECNL;dielectricÞ;
(4)
FIG. 14. The surface band bending and charge distribution of Ga- and N-
face GaN after cleaning. The number of different charges is not to scale.
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where DEV is the valence band offset; ECNL is the charge
neutrality level with respect to the VBM; S is the pinning
factor of the wider band gap material; and I is the photo
threshold energy. For the SiO2/GaN VBO calculation,
ECNL,SiO2 and ECNL,GaN were 4.5 and 2.3 eV with respect to
the VBM;44 S was 0.86 for SiO2;
48 and IGaN and Idielectric
were 6.9 and 10.0 eV, respectively. Therefore, the VBO for
SiO2 on GaN was calculated to be 3.0 eV. The theoretical
calculations for the three dielectrics provided similar agree-
ment to experimental results.
The trend of the dielectric band offsets on GaN vs. band
gap is plotted in Fig. 15(a). The figure indicates that to pro-
vide a conduction band potential barrier 1V to effectively
suppress leakage current, the dielectric band gap should be
5.8 eV. Fig. 15(b) indicates that for the oxides studied here
a wider band gap tended to have a smaller dielectric con-
stant. The dielectric constant is a measure of the ability to
screen the external electric field. According to the CNL
model, the band offset at least partially depends on the
Schottky pinning factor, S, of the dielectric, which was
related to the electronic part of the dielectric constant (e1).
48
The electronic states are modulated by the high frequency
component of the dielectric constant. Therefore, the value of
e1 may have a more direct relation with the band offsets
than the dielectric constant, as shown in Fig. 15(c). Also
shown in Fig. 15(c) is a linear relation between e1 and the
reciprocal of the band gap for the three dielectrics studied
here. An empirical relation between e1 and band gap is
given as follows, which is similar to the equation reported by
Reddy:49
1=Eg ¼ Ke1 þ C ¼ Kn2 þ C; (5)
where K and C are empirical constants, which are both
0.034 eV1 in this study; n is the index of refraction. A
similar linear relation was also observed for a number of
oxides,48 in which the value of K and C may be different. To
provide the 1V potential barrier for electrons, the oxide
should have an e1 less than 4.0 and a band gap greater than
5.8 eV. All three dielectrics in this study met these require-
ments. Further study is necessary to establish whether there
is a more general trend that would include other oxide
dielectrics. Dielectrics with smaller band gaps or higher
dielectric constants (or e1) could be alloyed with these
dielectrics to adjust the dielectric properties or use these
dielectrics as capping and interstitial layers to provide an
additional barrier to reduce leakage current.
D. Interface dipole and polarization
In this study, the experimental VBO results for HfO2,
Al2O3, and SiO2 on Ga-face GaN were similar to those on
N-face GaN. These experimental results are in contrast to
measurements of polarization effects at interfaces between
two polar crystalline materials such as InN and GaN.50 In
this case as in other polar-polar crystalline interfaces, the
interface dipole due to the polarization charge is manifested
as an evident change in the VBO for opposite polar
configurations. However, the relatively small band bending
on Ga- and N-face GaN indicated that the polarization
charge is largely screened by a high concentration of inter-
face states. Following the crystalline results, this combina-
tion of polarization charge and external screening could be
expected to result in an interface dipole of opposite sign for
the Ga- and N-face interfaces. The potential drop (DV) due
to this dipole could be estimated using the following
equation:51
FIG. 15. The relation between band offset of dielectric on GaN and (a)
dielectric band gap and (b) dielectric constant; and (c) the relation between
electronic part of dielectric constant with band offset and the reciprocal of
band gap. The square and circle symbols represent VBO and CBO, respec-
tively. The dashed lines serve as visual aid.
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DV ¼ r
ee0
d; (6)
where r (3.3 106 C/cm2) is the polarization bound charge
density; d is the separation between external screening states
and polarization bound charge; and e (9.5) is the dielectric
constant of GaN. The potential drop across the dipole would
lead to a change of the electron affinity as shown in Fig. 16.
Assuming a distance (d) of 2 A˚, the potential drop would be
0.08V. The subsequent difference in the electron affinity
of Ga- and N-face GaN would be 0.16 eV, which
was within the uncertainty of the experimental results
(-0.16 0.2 eV). Consequently, the similar electron affinity
and band offsets for the Ga- and N-face GaN indicate the
external screening should be within several angstroms of the
polarization bound charge and the interface dipole did not
affect the band offset between dielectrics and GaN.
Therefore, similar band offset results could be obtained on
both Ga- and N-face GaN.
It is noted that the CNL determination of the VBOs of
GaN and dielectric materials did not directly include polar-
ization charge effects.48 This assumption appears justified
within the uncertainty of the results presented here.
V. CONCLUSION
In this research, Ga- and N-face GaN surfaces were
cleaned to remove carbon contamination, reduce oxygen
coverage, and passivate N-vacancy related defects. After sur-
face pretreatment, both Ga- and N-face GaN were character-
ized by upward band bending of 0.86 0.1 eV and
0.66 0.1 eV, respectively. The band bending was not obvi-
ously correlated with polarization, which suggested a large
concentration of compensating surface states. In addition,
the cleaning process led to undetectable carbon contamina-
tion by XPS and 1 ML oxygen coverage on both Ga- and
N-face GaN, which was consistent with a theoretical calcula-
tion that suggested there was 1 ML of Ga atoms on the sur-
face of Ga- or N-face GaN. Three PEALD dielectrics (HfO2,
Al2O3, and SiO2) were deposited on Ga- and N-face GaN to
investigate the interface band alignment and effect of polar-
ization charge on the band offsets. The carbon impurities for
HfO2, Al2O3, and SiO2 on GaN were below the XPS detec-
tion limit. The respective valence band offsets of HfO2,
Al2O3, and SiO2 on Ga- and N-face GaN were 1.46 0.1,
2.06 0.1, and 3.26 0.1 eV, independent of dielectric thick-
nesses. Similar VBOs on Ga- and N-face GaN indicated
polarization charge was screened by interface states and had
little effect on band offsets. The corresponding conduction
band offsets were 1.06 0.1, 1.36 0.1, and 2.36 0.1 eV,
respectively. These experimental values were consistent with
theoretical calculations based on the charge neutrality level
model. In addition, the trends of potential barrier for dielec-
trics on GaN may be related to the dielectric band gap and/or
the electronic part of the dielectric constant.
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